Effects of amino acids and proteins on polarization behavior of Zr-base amorphous alloy were examined using Hanks' solution, minimum essential medium (MEM), and cell culture medium (MEM+FBS) consisting with MEM and fetal bovine serum (FBS), respectively. Amorphous powder consolidated Zr 55 Al 10 Ni 10 Cu 15 alloy was cathodically and anodically polarized at the beginning of (after 1.8 ks) immersion and after a long-term (605 ks) immersion in each solution. Parameters on the anodic polarization curve; open-circuit potential (E open ), polarization resistance (R p ), and pitting potential (E pit ), were obtained for the examination of corrosion resistance. In the presence of amino acids and proteins, R p and E pit increased, indicating that resistance to both general and pitting corrosion was raised with those biomolecules. Thus, the adsorbed biomolecules probably work as a diffusion barrier to molecules and ions such as dissolved oxygen and phosphate and chloride ions. During immersion, the surface oxide film grew, leading to the increase in E open , average E pit , and R p although the parameters showed wide variance of deviation probably caused by the defects in alloy structure. The lowest values of E pit after the long-term immersion were not lower than those at the beginning of immersion, indicating that the sensitivity of defects to chloride ion was not enhanced during immersion. However, the pitting corrosion resistance decreased during immersion because the potential difference between E open and E pit decreased.
Introduction
Polarization behavior of amorphous Zr-Al-Ni-Cu alloy was examined in various simulated biofluids for the biomedical application of amorphous alloys. 1, 2) Effects of chloride ion, phosphate ions, and dissolved oxygen etc. were revealed using the fluids containing only inorganic ions. Phosphate ions incorporated into the surface oxide film reduce the pitting corrosion resistance of the alloy but dissolved oxygen raises it.
1) However, body fluid to which the biomaterials are exposed contains not only inorganic ions but also various biomolecules such as amino acids and proteins. The biomolecules make influence on the electrochemical properties of interface between alloys and solutions as the followings. The adsorbed biomolecules raise the open-circuit potential of titanium with the increase in their adsorption density 3, 4) and sometimes accelerate the dissolution of titanium. 5, 6) Also, the biomolecules provide complex with alloying elements, leading to the selective dissolution of certain alloying elements 7, 8) and to the change in the surface oxide composition of the alloys.
2) Therefore, the effects of biomolecules on the corrosion behavior of the amorphous alloys must be examined for biomedical use. In addition, effect of a length of immersion time is helpful to evaluate the corrosion resistance of the alloys for their long-term use in the body because some induction period was observed for the dissolution of alloying elements. 7) For the practical application of amorphous alloy, the bulk size over mm-order of the alloy is necessary. Some bulk amorphous alloys with mm-order size is fabricated with a casting method, 9) however the composition is rather limited by the stability of super cooled liquid. On the other hand, consolidation of powder amorphous alloy is one of the methods to obtain bulk size amorphous alloy, 10, 11) where the wide temperature range of super cooled liquid region is utilized to sinter the powder amorphous alloy. Thus, the amorphous powder consolidated alloy is one of the solutions to provide enough size for bone plate, artificial joint and so on.
In this study, the amorphous powder consolidated Zr-AlNi-Cu alloy was immersed in various solutions containing inorganic ions, amino acids, and/or proteins. The alloy at the beginning of (after a short-term) immersion and after a longterm immersion in each solution was polarized to investigate the effects of biomolecules and immersion time on the corrosion behavior.
Experimental

Sample
Commercially available amorphous powder consolidated Zr 65 Al 10 Ni 10 Cu 15 (at%) alloy was employed. Powder consolidation was performed as the followings. The powder amorphous alloy was fabricated and consolidated by drypressing to a rod with 20-mm in diameter, subsequently the rod was pressed to a plate with 3-mm in thickness. Crystalline structure of the prepared alloy was determined by an X-ray diffraction (XRD). Constitution of the alloy was observed with a scanning electron microscope (SEM) using the mirrorfinished alloy etched for 1 s in a mixed acid of HNO 3 + HF (9:1).
For the immersion and polarization test, the alloy plate was polished with #600 SiC paper, aerated in the air for more than 86 ks and ultrasonically washed in ethanol.
Immersion
Hanks' solution (Hanks), Eagle's minimum essential medium (MEM) and cell culture medium (MEM + FBS) consisting with MEM and fetal bovine serum (FBS) were employed as test solutions. Hanks contains only inorganic ions, MEM contains inorganic ions and amino acids, and Table 1 . Effects of amino acids and proteins on corrosion behavior were evaluated using MEM and MEM+FBS, respectively. In the case of polarization test at the beginning of (after 1.8 ks) immersion, the specimen was mounted in the electrode holder shown in Fig. 1(a) to expose 1 × 10 −4 -m 2 area to the solutions. Subsequently, it was immersed in 500 mL of solution already deaerated with bubbling N 2 gas for 3.6 ks and kept at 310 K. In the case of polarization test after a long-term (605 ks) immersion, the specimen was mounted at the bottom hole of the Teflon plate-A of the electrolytic cell shown in Fig.  1(b) . The whole electrolytic cell mounting a specimen was sterilized with a saturated water vapor at 393 K for 1.8 ks in an autoclave. Sterilized solutions were poured over the specimen and the electrolytic cell was settled under 5% CO 2 in air atmosphere at 310 K for 605 ks (1 week) in the incubator. After 605 ks immersion, the electrolytic cell was moved in an adiabatic styrene-foam box and electrodes were mounted as shown in Fig. 1(b) . Temperature of the solution was kept at 310 K with circulating water around the electrolytic cell.
Polarization test
Platinum and saturated calomel electrode (SCE) were used as counter and reference electrode, respectively. Open-circuit potential (E open ) was measured over 1. 3.33 × 10 −4 V s −1 . Polarization resistance (R p ) on the anodic polarization curve was obtained from the slope of the straight line appearing in the potential range from E open to E open + 10 mV using least-squares method. Pitting potential (E pit ) was determined to be the potential where anodic current density acutely excess 1 A m −2 . The alloy polarized just above E pit in Hanks was observed with a SEM and the alloy just polished was also observed as a reference.
Results
XRD and SEM
XRD pattern of the Zr-Al-Ni-Cu alloy is shown in Fig. 2 . A characteristic broad pattern of amorphous structure was obtained. SEM image of the etched alloy is shown in 50 µm length were observed.
Polarization test at the beginning of immersion
Cathodic and anodic polarization curves of the amorphous Zr-Al-Ni-Cu alloy at the beginning of (after 1.8 ks) immersion in deaerated Hanks, MEM, and MEM + FBS are shown in Figs. 4(a) and (b), respectively. Cathodic current densities were higher in this order: in Hanks, in MEM, and in MEM + FBS. With the anodic polarization, the amorphous alloy was spontaneously passivated in every solution and showed passive current densities being higher in the order: in MEM, in MEM + FBS, and in Hanks.
E open , R p , and E pit obtained from the anodic polarization curves in Fig. 4 The E open values were higher in the order: in Hanks, in MEM, and in MEM+FBS. The R p values in MEM and MEM+FBS were very slightly higher than that in Hanks. The E pit values in MEM and MEM + FBS were higher than that in Hanks.
The SEM images of the alloy's surface just polished and polarized just above E pit in Hanks are shown in Figs. 6(a) to (c), respectively. Figure 6 (c) is a low magnification image of Fig. 6(b) . Some defects such as small holes existed along scratches on the just polished alloy as shown in Fig. 6 (a) and pitting holes were observed also along the scratches on the polarized alloy as shown in Figs. 6(b) and (c).
Polarization after a long-term immersion
Cathodic and anodic polarization curves of the alloy after the long-term (605 ks) immersion in Hanks, MEM, and MEM + FBS are shown in Figs. 7(a) and (b) , respectively. Cathodic current densities were higher in the order: in Hanks, in MEM, and in MEM + FBS. Comparing Fig. 7(a) with Fig. 4(a) , the cathodic current densities in Hanks were the same regardless of immersion time. However, the cathodic current densities after the long-term immersion in MEM and MEM + FBS (Fig. 7(a) ) were lower than those at the beginning of immersion (Fig. 4(a) ).
In the anodic polarization test, the results were divided into the following two cases according to the magnitude of E pit . One is that E pit was higher than 0.5 V; the other is that E pit was lower than 0 V. However, any systematic tendency was not appeared in the magnitude of anodic current density ( Fig.  7(b)) . The E open , R p , and E pit obtained from the anodic polarization curves in Fig. 7(b) are shown in Figs. 8(a) to (c) , respectively. The E open values in every solution were the same each other (Fig. 8(a) ), and were higher than those at the beginning of immersion (Fig. 5(a) ) although the variance of deviations was wider than that at the beginning of immersion. The R p in Hanks was lower than those in MEM and MEM + FBS (Fig.  8(b) ), and the every R p values after the long-term immersion ( Fig. 8(b) ) were higher than those at the beginning of immersion ( Fig. 5(b) ). The E pit values were not able to be compared each other due to their wide variance of deviations (Fig. 8(c) ). However, the E pit values after the long-term immersion (Fig.  8(c) ) were not lower than those at the beginning of immersion (Fig. 5(c) ).
Discussion
Effects of amino acids and proteins
Cathodic current densities in MEM and MEM + FBS were lower than that in Hanks at the beginning of immersion (Fig.   4(a) ). Amino acids and proteins are adsorbed by the meltspan amorphous Zr 65 Al 7.5 Ni 10 Cu 17.5 alloy in MEM + FBS.
2)
The adsorbed protein is suggested to inhibit the diffusion of dissolved oxygen and to retard the effect of pH-change on corrosion behavior of Ti alloys in phosphate buffered saline (PBS). 12) Hence, in this study, the adsorbed biomolecules should inhibit the diffusion of various molecules and ions such as dissolved oxygen and phosphate and chloride ions, resulting to the retardation of cathodic reaction. The retardation of cathodic reaction causes the lower shift of the equivalent potential between anodic and cathodic reactions as shown in the E open values at the beginning of immersion (Fig.  5(b) ). After the long-term immersion, the cathodic current density also decreased with biomolecules, indicating that the adsorbed biomolecules also played as a diffusion barrier. On the other hand, the cathodic current density in the presence of biomolecules after the long-term immersion was much lower than those at the beginning of immersion, showing that the adsorption density and structure of biomolecules and/or the composition and structure of surface oxide film might change with biomolecules during immersion. However, the E open values after the long-term immersion in every solution were the same each other, indicating that anodic reaction was also retarded with biomolecules.
The R p in the presence of biomolecules was higher than that without biomolecules regardless to the immersion time (Figs. 5(b) and 8(b) ), indicating that resistance to general corrosion of the alloy increased in the presence of amino acids and proteins. The adsorbed biomolecules are suggested to influence the capacitance of electric double layer as well as to work as diffusion barrier on titanium. [13] [14] [15] When the adsorbed biomolecules work as the diffusion barrier, the ions and molecules hardly attack the surface and dissolved metal ions hardly diffuse away from the surface, resulting in the increase in R p . When the adsorbed biomolecules make influence on the capacitance at the interface between the alloy and solution, the capacitance should decrease because the density in the electric double layer probably decreases due to the incorporation of protein molecules with much larger size than the thickness of the electric double layer, 16) resulting in the increase in R p .
The increase in E pit in the presence of biomolecules (Fig.  5(c) ) is also explained by the diffusion inhibition to chloride and phosphate ions with the adsorbed biomolecules. Chloride ion causes the pitting corrosion and the sensitivity to pitting corrosion increased with the increase in phosphate ions concentration in the surface oxide film of the melt-spun amorphous Zr-Al-Ni-Cu alloy.
2) On the other hand, the incorporated amount of phosphate ions in the surface oxide film decreased in the presence of biomolecules on the meltspun amorphous alloy.
2) Hence, the chloride and phosphate ions hardly attack the surface oxide film with the adsorbed biomolecules, leading to the increase in E pit .
Constant passive current density over −0.2 V increased in the presence of biomolecules, indicating that the passivity of the alloy decreased. Amino acids such as citric acid provide complex with cations and accelerate the dissolution of the certain alloying elements 17) and the dissolution of alloying elements in the surface oxide film seemed to be accelerated in the order of magnitude of chelate formation constant of elements with EDTA (Ethylene diamine tetra acetic acid): 18) on the melt-span alloy in the presence of biomolecules, 2) therefore it cannot be denied that the dissolution of the alloy is enhanced with biomolecules by providing complex in this study. On the other hand, since the adsorbed biomolecules work as a diffusion barrier to dissolved oxygen, growth of surface oxide film may be retarded to form less protective film.
Effect of the long-term immersion in solution
After the long-term immersion, the influence of adsorbed biomolecules on the corrosion behavior was not significant as 2) Therefore, the growth of surface oxide film causes the increase in the parameters.
On the other hand, variance of deviation of E open , R p , and E pit became wider after the long-term immersion (Fig. 8) .
The alloy has defects such as small holes (Fig. 6 ) and grain boundaries (Fig. 3) , and magnitude of those defects governs the quality of each specimen. Whether the growth of surface oxide can cover defects or not during the immersion, sensitivity to corrosion factors changes, resulting to the scattered corrosion parameters of E open , R p , and E pit . However, the lowest values of E pit did not decrease during the long-term immersion, indicating that the defects did not become more sensitive to chloride ion.
When the degree of freedom of corrosion factors against pitting corrosion on the alloy is evaluated by the potential difference between E open and E pit , the degree of freedom decreased during immersion because the potential difference decreased after the long-term immersion due to the increase in E open (Figs. 5 and 8) . In other words, the pitting corrosion resistance of the alloy decreased during immersion. Thus, a certain-term immersion in solution is necessary to evaluate the corrosion behavior of the alloy for a long-term use in the body.
Effect of preparation method
The R p values of the powder consolidated alloy in this study were as high as those of the melt-span alloy, (2.0 ± 0.8) × 10 2 m 2 . 19) Moreover, the R p values of the melt-spun alloy was as high as that of pure titanium, 1.8 × 10 2 m 2 , and higher than that of 316L stainless steel, (0.27 ± 0.1) × 10 2 m 2 . 19) Therefore, grain boundaries seemed not to influence the corrosion resistance at E open of the powder consolidated alloy and the powder consolidated alloy possibly shows as high corrosion resistance to general corrosion as pure tita-nium in the body.
On the other hand, the E pit values of the powder consolidated alloy were lower than those of the melt-span amorphous Zr-Al-Ni-Cu alloy, −0.08 ± 0.19 V vs. SCE. 19, 20) The powder consolidated alloy has grain boundaries as shown in Fig. 3 and grain boundaries seem to be sensitive to pitting corrosion. In addition, pitting occurred along the scratches by polishing (Figs. 6(b) and (c) ), indicating that the polishing may enhance the sensitivity of grain boundaries to pitting corrosion. The pitting corrosion of metallic biomaterials in the body must be avoided, however, the potential difference between E pit and E open of the powder consolidated alloy is smaller than that of approximately 0.6 V 19) of 316L stainless steel, indicating the necessity to improve pitting corrosion resistance of the alloy.
Eventually, it is required to reduce defects such as grain boundaries in alloy structure for the practical use of amorphous powder consolidated alloys in corrosive environment.
Conclusions
Cathodic reaction was retarded in the presence of biomolecules such as amino acids and proteins, leading to the decrease in the E open of the amorphous powder consolidated Zr-Al-Ni-Cu alloy. The adsorbed biomolecules must work as diffusion barrier to molecules and ions such as dissolved oxygen and chloride and phosphate ions. Eventually, the resistance to general corrosion and pitting corrosion of the alloy increased in the presence of biomolecules. However, the biomolecules possibly enhance the dissolution of the certain alloying elements with providing complex, resulting in the increase in passive current density with biomolecules.
After the long-term immersion of the alloy in the solutions, the E open , R p , and average E pit were higher than those at the beginning of immersion regardless of the presence of biomolecules, that is caused by the growth of surface oxide film. The lowest values of E pit did not decrease during the long-term immersion, indicating that the sensitivity of defects to chloride ion was not promoted. However, the potential difference between E open and E pit decreases after the long-term immersion, indicating that the pitting corrosion resistance decreased during immersion.
Consequently, the existence of amino acids and proteins is necessary to evaluate the corrosion resistance of metallic biomaterials. Moreover, the long-term immersion before test is desirable for the accurate evaluation.
